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Excitonic prospects for UV
With the incandescent bulb beaten in terms
of efficiency, and fluorescent lighting in its
sights, wide bandgap semiconductors are
looking for new territories to conquer. One
direction to go is higher power and coher-
ence, and blue-violet nitride-based laser
diodes are now coming into commission in
high-definition DVD (HD-DVD) and Blu-ray
optical storage systems offering up to 25
gigabytes on a single layer. Another course
is that towards shorter wavelengths – into
the ultraviolet (UV).
There are a number of definitions of “UV” bands
that depend on concern, application or industry.
For health and safety purposes the division into
UVA, UVB, and UVC is common.The wavelength
ranges given for these bands vary, but one com-
mon usage gives UVA the region 400–315 nm,
UVB 315–280 nm, and UVC 280–100 nm. Some
99% of the UV light reaching the earth from the
sun falls in the UVA range. Hardly any is UVC.As
is well known, UV can have a damaging effect on
biological systems, particularly in the shorter
wavelengths. Indeed, many sterilisation and food
processing systems use UVC. On the other hand,
small amounts of UVA and UVB can be therapeu-
tic for certain skin conditions such as psoriasis
(optimum wavelength 311 nm).
Mercury lamps are a common source of UV radi-
ation, particularly at the shorter wavelengths.
These lamps are bulky and operate at high volt-
age.An LED solution would be attractive in terms
of size and lower operating voltages.
Pushing to shorter wavelengths means higher
photon energies (Ey = hc/λ) and therefore
stretching the bandgaps ever wider. However, as
bandgaps widen semiconductors become more
insulating. Here, we discuss materials with
bandgaps in the range 3–6 eV, but the widely
used insulator silicon dioxide has a bandgap of 9
eV. Extracting light from semiconductor devices
is essentially involved with lining up electrons in
or near the conduction band with convenient
vacancies (holes) in or near the valence band.
For this, one needs in some regions n-type con-
duction where the electrons are the movable
charge carriers and, in others, p-type conduction
where the holes are mobile. Further, because
photons have negligible momentum, the collid-
ing and recombining electrons and holes must
have this property too. Usually, this second
object is achieved with transitions across a
direct bandgap, where the lowest energy point
of the conduction band and the highest point 
of the valence band are at zero (crystal) 
momentum. Here, we report on attempts to 
use electron-hole pairs bound in excitons as a
light source.
Pushing to shorter 
wavelengths
Researchers at Japan’s NTT telephone company
have reduced LED wavelengths down to 210 nm,
which corresponds to a 5.9 eV photon.The main
achievement reported by Taniyasu et al., [1] how-
ever, was improved doping of AlN.
First, electron mobility was boosted over the
team’s previous work through reduced disloca-
tion densities and better control of the Si donor
level. Hall effect measurements at room temper-
ature of AlN doped at a Si concentration of 3.5
× 1017 cm–3 showed an electron concentration
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Figure 1. PIN (left) and MIS AlN LED structures. The superlattices consist of AlN/AlGaN layers.
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of 7.3 × 1014 cm–3 and a mobility of 426
cm2V–1s–1.The mobility is claimed as the 
highest yet achieved for n-type AlN at room
temperature.
At higher temperatures the electron concentra-
tion increases and then saturates.The behaviour
was modelled using a shallow donor and deep
compensating acceptor.This resulted in a model
donor concentration of 3.0 × 1017 cm–3 and an
acceptor concentration of 2.6 × 1016 cm–3.The
model donor ionisation energy is placed at 282
meV.The mobility decreases monotonically with
increasing temperature and vice versa.At 220K,
the mobility was 730 cm2V–1s–1.
For acceptor doping, NTT used Mg.At concentra-
tions above 2 × 1020 cm–3, the material becomes
highly resistive; below this p-type conduction is
seen.The researchers put the upper limit down
to self-compensation effects and note similarities
with the Si n-type doping. In addition, as-grown
Mg-doped AlN needs an anneal step (800°C for
10 min in N2) to become conducting.The
researchers note that one effect of the anneal
process is to reduce H concentrations.The as-
grown material contains H at the same concen-
tration level as the dopant species.A similar
effect is seen in GaN doping.
The analysis of the p-type doping is more 
complicated than for Si and the research 
team only offers an estimate for the acceptor
ionisation energy of 630 meV. Optical measure-
ments suggest 510 meV and theoretical 
calculations give the range 465–758 meV.The
hole mobility temperature dependence suggests
that phonons provide the dominant scattering
mechanism.
Two LED types were produced: layers of p-,
intrinsic and n-type (PIN) semiconductor sand-
wiched between two AlN/AlGaN superlattices (p-
and n-type, respectively) and a metal-insulator-
semiconductor (MIS) type (Figure 1).The super-
lattices were designed to provide improved later-
al conduction in the n-type region and to reduce
electrode contact resistances.The MIS LED with
AlN used in both the insulator (undoped) and
semiconductor regions (n-type) was designed to
clarify LED conduction and emission mecha-
nisms. From the Figure, it can be seen that the
MIS LED is essentially a truncated version of the
PIN device.
At 20 mA, the operating voltages of the two
devices were 45 V for the PIN-type and 37 V for
the MIS-type.The higher voltage of the PIN LED
is seen as being due to a significant voltage drop
across the p-type layer in addition to the drop
across the undoped layer.This is due to the poor-
er quality of the p-type doping.
The PIN diode shows an electroluminescence
wavelength of 210 nm, very close to that of free
exciton recombination in undoped AlN photolu-
minescence measurements.The AlN bandgap is
around 6.0–6.2 eV.The AlN exciton has a large
binding energy of around 80 meV that allows sta-
bility at room temperature (26 meV).The electro-
luminescence increases with current over the
10–40 mA range.The emission wavelength also
increases slightly from 209 nm to 210 nm largely
due to self-heating (the junction temperature at
40 mA is estimated at 60°C). Some emission was
also attributed to the impurity levels: a weak
peak around 230 nm (5.4 eV) from Mg, and a
broad peak around 400 nm (3.1 eV).The MIS
device also emits 210 nm radiation but at a much
reduced intensity (~1/70).
The output power of the PIN diode was 0.02 µW
at 40 mA.The external quantum efficiency esti-
mate of 10–6% is nowhere near the 10% level of
commercial visible LEDs.The researchers believe
their efficiency could be improved by using
transparent substrates (SiC was used), proper
packaging and device optimisation.
However, the internal quantum efficiency 
contribution is more important at the research
stage. Improvements here are likely to be 
based on decreased dislocation densities, carrier
confinement structures (double heterostructures
or quantum wells) and better p-type doping.The
NTT AlN has a dislocation density of 109–1010
cm–2 due to the lattice mismatch and heterova-
lency between the active material and the SiC
substrate. Dislocations act as non-radiative
recombination centres.With other nitride 
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Figure 2. Diamond LED structure of Makino et al. (AIST).
The substrate is high-pressure, high-temperature grown
(HPHT) Ib B-doped (001) diamond.
iiivs195p22_27.qxd  01/08/2006  14:27  Page 23
Optoelectronic materialsT E C H N I C A L F E A T U R E
III-Vs REVIEW THE ADVANCED SEMICONDUCTOR MAGAZINE VOL 19 - NO 5 - JUNE/JULY 200624
semiconductors, a four orders of magnitude
reduction in dislocation densities resulted in a
1000-fold improvement in output power. For
confinement structures, BN (bandgaps: 6.4 eV
indirect, 8 eV direct) or AlBN could be used.
Finally, the doping efficiency of Mg is quite low,
and better alternatives could be found among
the group II and IV elements (e.g. Be, Zn, Cd, C).
Exciting excitons
AlN is not the only material in which excitons
have been used as the basis of light-emitting
devices, so it might be useful to give a brief
sketch of these electron-hole bound states.A
number of other wide bandgap semiconduc-
tors, such as diamond and zinc oxide, have sta-
ble excitons at room temperature (Table 1).As
mentioned above, the binding energy for stable
excitons has to be greater than the equivalent
thermal energy of 300K (room temperature),
26 meV.
The dominant force binding excitons is the
Coulomb interaction between the negative and
positive charge carriers.There are two obvious
analogies from atomic and particle physics:
hydrogen and positronium, respectively.The
positronium analogy is perhaps closer since the
electron and positron can “recombine”
(although in particle physics the term “annihi-
late” is more commonly used) emitting two or
more photons depending on the spin/symmetry
state of the positronium.The positronium “ener-
gy gap” (~106 eV) is given by twice m0c
2,
where m0 is the free-space mass of the electron.
Obviously, for these huge energies, relativistic
considerations apply and one finds that one-
photon emission is not allowed in free positron-
ium decay.
Digging out the dusty textbooks, one finds the
hydrogenic ground state binding energy to be
given by µe4/(8h2ε2), where µ is the reduced
mass, h is Planck’s constant, and ε is the material
permittivity, all in SI units (the CGS expression
differs by a factor of (4π)2). For a free-space 
electron bound to an infinitely massive positive
charge, the energy is 13.6 eV. For a large 
exciton binding one needs a large reduced mass,
given by
1/µ = 1/me + 1/mh
and a small relative permittivity.The 13.6 eV
would seem to give a lot of room for stable exci-
tons, but most semiconductors have a relative
permittivity around 10 (giving a factor of 1/100)
and effective masses often quite a bit less than
that of a free-space electron.
This is, of course, a simple-minded model and
real-life measurements and theoretical elabora-
tions show a far more complicated set of behav-
iours. First, if the exciton size is of the order of
atomic dimensions, the effective mass formalism
is compromised and one is dealing with what
are called “Frenkel” excitons as opposed to the
large “Mott-Wannier” type where one might
hope to use a hydrogenic approach.The effec-
tive radius in the hydrogenic model is given by
h2ε/(πµe2) and on this scale semiconductor
excitons tend to the Mott-Wannier regime.
Second, in indirect semiconductors, the conduc-
tion band minimum is not at zero crystal
momentum (k).Third, effective masses are not
generally isotropic. For example, in silicon one
has longitudinal and transverse effective masses
of around 0.98m0 and 0.19m0, respectively (m0
is the vacuum electron mass). Fourth, the top of
the valence band is usually degenerate, leading
to “heavy” and “light” holes. Experts can no
doubt add further reasons (polaritons, phonon
replicas etc.).
Moving on, one finds that excitons can interact
with each other to form molecules or biexci-
tons or even condense into an “electron-hole
drop” with metallic properties.[2] Excitons 
can also become bound to charged or neutral
impurities.
Of course, having collected some thermally sta-
ble excitons is no guarantee that they will pro-
duce precious light. One can imagine a whole
Figure 3. Emission spectrum of AIST trial UV emission device (from
http://www.aist.go.jp/aist_e/latest_research/2005/20050615/20050615.html).
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list of non-radiative processes involving phonons,
interactions with impurities and so on. However,
with a bit of luck, recombination involving a
photon with energy equal to the bandgap less
the exciton binding will be the dominant
process.
Shine on you crazy diamond
Diamond’s exciton with a binding energy around
80 meV is stable at room temperature. Sharp
emission lines are seen at 235 nm (5.27 eV) and
242 nm (5.12 eV) that are attributed to free exci-
tons. Diamond has a relatively low relative dielec-
tric constant (permittivity) of 5.7 that results in
the exciton radius being smaller than usual
(~1.5 nm), but still an order of magnitude above
the atomic scale. So, while one might be inclined
to rule out diamond as a light emitter due to its
indirect bandgap, the exciton could rule it in.An
exciton density of the order of 1019 cm–3 can be
achieved at room temperature.
Koizumi et al.[3] were the first to report a deep
UV emitting diamond device.The p-type conduc-
tion was achieved using boron and the n-type
using phosphorous.A forward bias of 20 V pro-
duced “strong” UV emission at 235 nm. Sulphur
was used by another group (Horiuchi et al.[4]) to
achieve what is believed to be n-type doping in
another LED device. B was also used for the p-
type doping. Strangely, Hall effect measurements
are not clear in determining the carrier type for
sulphur-doped diamond, although the Horiuchi
group device shows a rectification ratio of three
orders of magnitude at room temperature.A
problem with n-type doping in diamond is that
the base of the conduction band is not much dif-
ferent from the vacuum level.
Another difference between the devices is that
the Koizumi group device is grown on (111)
diamond, but this face is particularly hard and
not suitable for commercial processing where
surfaces need to be polished flat.The Horiuchi
group’s LED is grown on the softer (100) surface,
achieving in a 2004 report an output power of 7
µW at 10mA and an external quantum efficiency
of 0.027%.
Makino et al.[5] produced n-type conduction
using phosphorous on a (001) diamond surface
to produce a pn junction (Figure 2). The p-type
doping is achieved with boron. The device
shows strong free exciton emission at 234 nm
(Figure 3) and broader emissions from around
300 nm.
While slow growth methods exist for high qual-
ity diamond, for commercial applications these
growth rates would have to be increased to
make for a practical source of semiconductor
devices. If such a thing could be achieved, dia-
mond has many other attractions, and not just
for light emitting devices: high thermal 
conductivity (for heat dissipation), high critical
field (for high-voltage and power), large hole
mobility etc.
Zinc oxide progress
Zinc oxide is another potential exciton light
source. Its binding energy is ~60 meV with a
Figure 4. ZnO LED structure.
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Table 1. Exciton binding energies and energy gaps for various materials.
Binding energy Band gap
(meV) (eV)
a-Si 14.7 1.12
GaAs 4.2 1.43
ZnSe 17 2.7
GaN 25 3.4
ZnO 60 3.4
Diamond 80 5.4
AlN 80 6.0
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Bohr radius of 1.4 nm.The bandgap is around 
3.4 eV. Excitation behaviour has been seen in the
near-UV at 390 nm (3.2 eV) in ZnO irradiated
with 355 nm light from an Nd:YAG laser suggest-
ing the possibility of laser action with a low
threshold current. However, the problem is get-
ting the current into laser structures using the
traditional junction layout for semiconductor
lasers.While n-type conduction is relatively easy
to achieve, hole conduction in ZnO is difficult to
arrange. If a reliable method of creating p-type
ZnO were found, there would be a distinct
advantage for ZnO based devices over the cur-
rent commercial GaN LEDs and laser diodes.This
would come from the possibility of running cur-
rent through a ZnO substrate (assuming such a
thing could be produced at high quality). GaN
devices are usually produced on electrically insu-
lating substrates and the contacts with the light
emitting region have to be made through awk-
ward step-like “mesa” structures as in Figure 1. By
contrast, a conducting ZnO substrate would
enable top and bottom contacts as used in GaAs
and InP based devices (also note the diamond
structure in Figure 2) used at longer wavelengths.
Bandgap control in ZnO could be provided by
Mg and Cd.The addition of Mg allows the
bandgap to be varied in the range 3.0–4.5 eV.
This spread can only be achieved by going
beyond the 10% Mg solubility limit for thermal
equilibrium growth conditions up to 50% Mg. In
a superlattice structure of ZnO and MgxZn1–xO
layers it is possible to increase the exciton bind-
ing energy (Makino et al.[6]).With well widths
of 1.5 nm, for x-values of 0.12 and 0.27, the
binding energies were 85 meV and 115 meV,
respectively.
The problem for p-type doping is that ZnO tends
to have high electron concentrations, i.e. produc-
ing intrinsic ZnO is problematic, let alone pro-
ducing high hole concentrations. Growth of high
quality ZnO crystal films on ScAlMgO4 substrates
is one method to reduce electron concentra-
tions: 1016/cm3 has been achieved as compared
with the 1017–1018/cm3 typical in films grown
on sapphire.
Possible acceptors include Li, Cu, P and As,
although nitrogen is seen as being the best possi-
bility because the ion’s size results in lower levels
of compensation. However, nitrogen is difficult to
insert in high concentrations at the typical tem-
peratures of more than 800°C for growing high
quality ZnO films. Nitrogen concentrations of
1020/cm3 are only possible for growth at less than
500°C, creating something of a dilemma.
One technique that gets around the contradic-
tion is to grow a thin (15 nm) nitrogen doped
layer at 400°C and then suddenly increase the
temperature to 1000°C.The result of this “reverse
temperature modulation” growth is a very flat
layer about 1nm thick (15 steps forward, 14
steps back!).The process is repeated to continue
the growth.The final film has been measured to
have a hole concentration of 1016/cm3 with a
carrier mobility of 8 cm2/Vs.
Unfortunately the ScAlMgO4 substrate is insulat-
ing and LEDs produced using reverse tempera-
ture modulation have the pn junction in a 300
µm mesa with a semi-transparent metal electrode
contact on the p-type ZnO (Figure 4, from
Tsukazaki et al.[7]). Blue light is emitted with a
5 V forward bias. Since the p-doping is light most
of the recombination and radiation occurs in the
p-type region.
For further progress towards commercial ZnO
electronic devices it is necessary to increase the
p-type doping to hole concentrations of
1018/cm3 and to produce p-type MgxZn1–xO
layers for heterostructures.
So, for all three materials considered here, the
main roadblock to better exciton-based devices
is the difficulty in producing adequate carrier
levels of either holes or electrons. However, the
fact that improvements are still being made, such
as those at NTT, leads to the hope of eventual
success with one or more of the materials.
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